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Abstract: The structural motif that results from the fusion of a benzene ring to a heterocyclic 
pyran ring, known as chromene, is broadly found in nature and it has been reported to be 
associated with a wide range of biological activity. Moreover, asymmetric organocatalysis 
is a discipline in expansion that is already recognized as a well-established tool for obtaining 
enantiomerically enriched compounds. This review covers the particular case of the 
asymmetric synthesis of 2-amino-3-cyano-4H-chromenes using organocatalysis. Herein, we 
show the most illustrative examples of the methods developed by diverse research groups, 
following a classification based on these five different approaches: (1) addition of naphthol 
compounds to substituted α,α-dicyanoolefins; (2) addition of malononitrile to substituted  
o-vinylphenols; (3) addition of malononitrile to N-protected o-iminophenols; (4) Michael 
addition of nucleophiles to 2-iminochromene derivatives; and (5) organocatalyzed formal 
[4+2] cycloaddition reaction. In most cases, chiral thioureas have been found to be effective 
catalysts to promote the synthetic processes, and generally a bifunctional mode of action has 
been envisioned for them. In addition, squaramides and cinchona derivatives have been 
occasionally used as suitable catalysts for the substrates activation.  
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1. Introduction 
Chromene analogues can be frequently found as structural core motif in a great number of natural 
and synthetic compounds exhibiting interesting medicinal and pharmacological properties [1,2]. Among 
these, anticancer activity [3] and their potential use as cognitive enhancers for the treatment of 
schizophrenia, myoclonus and different neurodegenerative diseases [4,5] are the most significant ones. 
Among the different types of chromenes, we want to focus on 2-amino-3-cyano-4H-chromene scaffolds. 
They have received increasing attention in the last years due to the interesting biological activities that 
this specific family of heterocycles exhibits, such as antimicrobial [6–8] and antioxidant [9] activities as 
well as pro-apoptotic activity [10–15], conferring potential use as promising anticancer therapeutic drugs 
among others applications (Figure 1). 
 
Figure 1. Biologically active 2-amino-3-cyano-4H-chromene scaffolds: 1 [16], 2 [10,13], 3 [9] 
and 4 [17]. 
It is noteworthy that distinct enantiomers often show different biological activity, such as one 
enantiomer of the anticancer agent 1, which is about 50 times more active than the other enantiomer [16]. 
All these aspects make necessary the development of new chemical protocols for the obtainment of such 
an interesting class of compounds in an enantioselective manner to further explore the correlation 
enantioselectivity-pharmacological activity.  
In the last years, organocatalysis has appeared as an efficient alternative tool to yield enantiopure 
compounds, through different kind of activation [18–21]. In this respect, although numerous 
organocatalyzed racemic syntheses of this family of compounds can be found in the literature [22–33], 
only scarce examples following an enantioselective approach have been reported to date [34]. 
In this review, an overview of enantioselective organocatalyzed procedures for the synthesis of chiral 
2-amino-3-cyano-4H-chromene derivatives is provided. In the center of the synthetic paradigm, 
malononitrile (5) usually appears as the key piece in these strategies. The different synthetic approaches 
used for the preparation of these potentially pharmacological compounds can be classified into the five 
strategies depicted in Scheme 1 and, consequently, this work has been divided into the same sections 
where the most significant examples are covered. 
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Scheme 1. Synthetic strategies for the building of 2-amino-3-cyano-4H-chromene skeleton. 
2. Addition of Naphthol Compounds to Substituted α,α-dicyanoolefins 
The first enantioselective organocatalytic example for the synthesis of 2-amino-3-cyano-4H-cromene 
derivatives was reported by Yang and Zhao’s group in 2008 (Scheme 2) [35]. In this work, catalyzed 
addition/intramolecular cyclization reaction between different substituted α,α-dicyanoolefins 6 with  
β-naphthol 7 in the presence of efficient bifunctional thiourea catalyst 8, led to adducts 9 with good 
yields and moderate to high enantioselectivities (up to 99% yield and up to 90% ee).  
 
Scheme 2. Asymmetric synthesis of benzochromene derivatives 9. 
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Based on the idea that compounds 6 are synthetized via Knoevenagel condensation, the authors also 
explored the multicomponent approach between various substituted benzaldehyde derivatives 10, 
malononitrile (5) and β-naphtol (7a). Under the same optimized conditions, the corresponding 4-aryl 
derivatives 9 were obtained with moderate to high yields although with lower enantiomeric excesses (up 
to 93% yield and up to 65% ee) (Scheme 3). 
 
Scheme 3. Multicomponent enantioselective synthesis of benzochromene derivatives 9. 
In 2012, a new enantioselective synthesis of 4-aryl derivatives 13 was reported by Wang’s group [36]. 
In this case, bencylidenemalonitrile derivatives 6 reacted with α-naphthols 11 to afford the 
corresponding product 13 with moderate to high yields and high selectivities after short reaction times 
(up to 84% yield and up to 83% ee) (Scheme 4). This process works through a catalyzed tandem Michael 
addition/intramolecular cyclization reaction in the presence of a catalytic amount of abietic  
acid-cinchona-thiourea compound 12 in diethyl ether and at room temperature. 
  
Scheme 4. Organocatalytic asymmetric synthesis of 4-aryl derivatives 13. 
3. Addition of Malononitrile to Substituted o-vinylphenols  
Xie and coworkers reported in 2009 the first asymmetric synthesis of highly functionalized  
4-ethylidenemalononitrile derivatives 17 from α,β-unsaturated ketones 14 (R2 = CH3) and malononitrile (5), 
employing an equimolecular mixture of 9-amino-9-deoxy-epiquinine (15) as catalyst, and  
(R)-1,1′-binaphth-2,2′-diyl hydrogen phosphate (16) as additive (Scheme 5, A) [37]. Products 17 were 
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reached with moderate to high yields and high enantioselectivities (up to 84% yield and up to 96% ee). The 
same group employed diverse bulkier alkyl/aryl enones 14 under the same reaction conditions leading 
to 4-β-ketoalkyl/aryl derivatives 18, with moderate yields and from moderate to high enantioselectivities 
(up to 72% yield and up to 95% ee) (Scheme 5, B). 
 
Scheme 5. Tandem synthesis of chromene derivatives 17 and 18. 
Remarkably, in the route to give 17, a second molecule of malononitrile (5) is added in the carbonyl 
moiety of final expected adducts 18. To explain the formation of the observed products, the authors propose 
an addition/intramolecular cyclization mechanism, followed by a final Knoevenagel condensation in case 
of products 17, catalyzed via iminium activation by condensation of enone systems 14 with the chiral 
primary amine 15, in which the additive 16 might activate the formed imine derivative 19 (Scheme 6). 
 
Scheme 6. Proposed mechanism for the enantioselective synthesis of compounds 17 and 18. 
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The enantioselective synthesis of highly substituted 4-nitromethyl derivatives 24 was developed for 
the first time by Wang’s group in 2011 [38]. In the presence of thiourea-based catalyst 23, different  
(E)-2-(2-nitrovinyl)phenol compounds 22 reacted with malononitrile (5) in diethyl ether at room 
temperature to give the corresponding product 24 with moderate enantiomeric excesses and excellent 
yields after short reaction times (up to 96% yield and up to 76% ee) (Scheme 7). In the proposed catalytic 
cycle, a concomitant coordination of the malononitrile (5) activated by the amino group of thiourea 23 
and the nitroalkene 22 anchored to the catalyst via hydrogen bonding (Scheme 8, I), is invoked to firstly 
give a stereo-controlled Michael adduct (Scheme 8, II). A subsequent cascade starting by the attack of 
alkoxide to the cyano group to form a cyclic intermediate (Scheme 8, III) and final tautomerization 
afforded the desired product 24 with the release of thiourea catalyst 23.  
 
Scheme 7. Asymmetric synthesis of chromenes 24. 
 
Scheme 8. Proposed mechanism in the asymmetric synthesis of adducts 24, catalyzed by 
thiourea 23. 
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Later, Du and coworkers reported a new enantioselective organocatalytic version of this reaction, 
using the cinchona-thiourea catalyst 25 (Scheme 9) [39]. Final 4-nitromethyl chromene 24 were obtained 
with slightly better results of selectivity in some cases and lower yields after longer times even when the 
reaction mixture was heated at 60 °C (up to 90% yield and up to 91% ee).  
 
Scheme 9. Enantioselective synthesis of 4-nitroalkyl derivatives 24. 
In order to explain the formation of the final products, a bifunctional mode of activation is 
hypothesized by the authors, where both reagents would be activated and coordinated to the catalyst 
through hydrogen bonds, as depicted in Figure 2. The course of the reaction would be identical to the 
abovementioned mechanism described in Scheme 8.  
 
Figure 2. Bifunctional mode of activation for the tandem Michael addition-cyclization 
catalyzed by chiral thiourea 25. 
More recently, Wang, Zhou and coworkers disclosed a new catalytic strategy to reach the same 
products 24 using, in this case, the chiral bifunctional squaramide 26 via tandem Michael 
addition/cyclization-tautomerization reaction [40]. The corresponding products 24 were isolated with 
high yields and moderate to high enantioselectivies after short times (up to >99% yield and up to 95% ee) 
(Scheme 10). In this case, the authors do not propose any mechanistic hypothesis. 
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Scheme 10. Squaramide catalyzed asymmetric synthesis of 4-nitroalkyl derivatives 24. 
The use of functionalized nitroolefins bearing both electron-withdrawing and electron-donating 
substituents was possible in this transformation. 
The same research group reported the last example of this catalytic strategy using a chiral hydrogen-bond 
based organocatalyst, thiophosphonodiamide 27 (Scheme 11) [41]. Chromenes 24 were obtained at low 
temperatures, with high yields and moderate to high selectivities and really short reaction time (up to 
95% yield and up to 95% ee). 
 
Scheme 11. Asymmetric synthesis of 4-nitroalkyl derivatives 24 employing organocatalyst 27. 
A ternary complex consisting of the deprotonated malononitrile, the nitroalkene and 
thiophosphonodiamide 27 was envisioned as plausible transition state to explain the enantioselectivity 
of the process, where both reagents are simultaneously anchored to the catalyst and activated via 
hydrogen bond interactions (Scheme 11). 
4. Addition of Malononitrile to N-protected o-iminophenols  
Wang’s group reported the first reaction between N-Boc α-amido sulfones 28 and malononitrile (5) 
using the indane amine-thiourea derivative 29 as catalyst and lithium carbonate as base to in situ generate 
an imine intermediate [38,42]. The strategy led to the formation of the corresponding N-protected  
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4-amine-chromene derivative 30 with high yields and enantioselectivities after short reaction times (up 
to 94% yield and up to 89% ee) (Scheme 12). 
 
Scheme 12. Catalyzed enantioselective synthesis of compounds 30. 
A reasonable mechanism through enantioselective Mannich-intramolecular ring cyclization-
tautomerization cascade sequence is proposed to explain the final products. The catalyst is believed to 
act in a bifunctional way activating both reagents via hydrogen bondings (Scheme 13). 
 
Scheme 13. Mechanism for the asymmetric synthesis of compound 30. 
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5. Michael Addition of Nucleophiles to 2-iminochromene Derivatives  
In 2012, Jiang, Wang and coworkers [43] obtained excellent results of reactivity and selectivity 
employing a new enantioselective organocatalytic approach for the synthesis of 4-nitroalkyl derivatives 24, 
via catalyzed conjugate addition of nitroalkanes 33a–c to 2-iminochromene compounds 32 (Scheme 14). 
A bifunctional-type catalytic mechanism is proposed, where 2-iminochromene 32 and the tautomeric 
form of corresponding nitroalkane 33 are activated via hydrogen bonding, and thus, affording a  
stereo-controlled Michael addition (Figure 3). 
 
Scheme 14. Enantioselective conjugate addition of nitroalkanes 33 to electrophilic  
2-iminochromenes 32. 
 
Figure 3. Proposed activation mode for the addition of nitroalkanes 33 to 2-iminochromenes 
32 catalyzed by chiral thiourea 25. 
The multicomponent version of the abovementioned reaction was previously reported by Yang and 
Liu’s group [44]. In the presence of chiral tertiary amine-thiourea 8, different salicylaldehyde derivatives 
34 reacted with malononitrile (5) and nitroalkanes 33a,b to provide the 4-nitroalkyl product 24 with 
moderate to excellent yields and selectivities under mild conditions (up to 92% yield and up to 96% ee) 
(Scheme 15).  
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Scheme 15. Multicomponent enantioselective synthesis of 4-nitroalkyl derivatives 24. 
On the base of the experimental results, a plausible reaction mechanism involving a tandem 
Knoevenagel condensation-cyclization reaction followed by a stereo-controlled conjugate addition is 
proposed in order to explain this multicomponent approach (Scheme 16). 
 
Scheme 16. Multicomponent mechanistic proposal to obtain compound 24. 
Other efficient example of this approach is the enantioselective organocatalytic synthesis of 
potentially active 4-(indol-3-yl) derivatives 36 [45]. In the presence of an equimolecular mixture of the 
cinchona-thiourea-based organocatalyst 25 and 2-methylbenzoic acid as additive, indole compounds 35 
reacted with 2-iminochromene derivatives 32 via Friedel-Crafts alkylation to give the product 36 under 
mild conditions with good yields and moderate enantioselectivities (up to 87% yield and up to 86% ee) 
(Scheme 17). 
 
Scheme 17. Enantioselective synthesis of 4-(indol-3-yl) derivatives 36. 
The same authors also reported an example of the multicomponent version of this reaction involving 
salicylaldehyde (34a), malononitrile (5) and indole (35a), under the same reaction conditions, to provide 
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the corresponding product 36a, although with lower enantioselectivity (69% yield, 40% ee vs. 72% yield, 
62% ee) (Scheme 18). 
 
Scheme 18. Enantioselective multicomponent approach to synthesize compound 36a. 
A similar bifunctional mode of activation as the one showed in Figure 3 is envisioned in this strategy 
for the same catalyst, where cinchona derivative 25 would activate the indole and the 2-iminochromene 
via hydrogen bonding affording the stereo-controlled addition (Figure 4). The authors do not explain the 
role of the 2-methylbenzoic acid employed as cocatalyst.  
 
Figure 4. Activation hypothesis of indole and 2-iminochromenes by catalyst 25. 
More recently, the enantioselective organocatalytic synthesis of 4-dialkylmalonate derivatives 38 via 
conjugate addition promoted by multi-hydrogen-bond cooperation was reported by Wang’s group [46]. 
In the presence of a catalytic amount of cinchona-thiourea 25, 2-iminochromene compounds 32 reacted 
with dialkylmalonate 37, under mild conditions, to give the product 38 with high to excellent yields and 
high enantiomeric excesses (up to 94% yield and up to 96% ee) (Scheme 19).  
 
Scheme 19. Enantioselective synthesis of 4-dialkylmalonate derivatives 38. 
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6. Organocatalyzed Formal [4+2] Cycloaddition Reaction  
Han and coworkers disclosed a new approach based on the enantioselective cycloannulation of  
ortho-quinone methides 39 with malononitrile (5) in the presence of quinine (40), to give the 
corresponding dioxolane-fused 4-vinyl/aryl derivatives 41 with excellent results of reactivity and 
selectivity (up to 99% yield and up to 93% ee) (Scheme 20) [47]. 
 
Scheme 20. Enantioselective [4+2] cycloaddition affords dioxolane-fused 4-vinyl/aryl 
derivatives 41. 
The authors envisioned that these two reagents, as 2π partners or dipoles, would act through a formal 
[4+2] cycloaddition with a bifunctional organocatalyst, as previously reported by other authors [48]. 
7. Conclusions 
2-Amino-4H-chromene-3-carbonitrile is a structural core motif present in a great number of natural 
and synthetic compounds exhibiting interesting medicinal and pharmacological properties. In this 
review, we have disclosed the most significant examples concerning the organocatalytic enantioselective 
synthesis of these scaffolds through five different approaches: (1) addition of naphthol compounds to 
substituted α,α-dicyanoolefins; (2) addition of malononitrile to substituted o-vinylphenols; (3) addition of 
malononitrile to N-protected o-iminophenols; (4) Michael addition of nucleophiles to 2-iminochromene 
derivatives; and (5) organocatalyzed formal [4+2] cycloaddition reaction. To successfully perform these 
protocols, bifunctional thiourea organocatalysts [49,50] have been found to be crucial to efficiently 
promote the most of the abovementioned reactions, where the dual role played by these molecules has 
been found pivotal for the reactivity and enantioselective induction in all cases. These synthetic strategies are 
remarkable because they lead to enantiomerically enriched 2-amino-3-cyano-4H-chromene scaffolds, which 
have received increasing attention in the last years due to their interesting biological activities. However, 
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because of its importance, more investigation focused on this key scaffold is still needed, and we expect 
the development of more efficient and complex enantioselective examples in the future.  
Acknowledgments 
We thank the Ministry of Science and Innovation (MICINN. Madrid. Project CTQ2013-44367-C2-1-P), 
the University of Zaragoza (JIUZ-2014-CIE-07) for financial support of our research and Aragon 
Regional Government (DGA Research Group E104).  
Author Contributions 
All authors reviewed the concerning literature, wrote the paper, read and approved the  
final manuscript. 
Conflicts of Interest 
The authors declare no conflict of interest.  
References 
1. Pratap, R.; Ram, V.J. Natural and synthetic chromenes, fused chromenes and versatility of 
dihydrobenzo[h]chromenes in organic synthesis. Chem. Rev. 2014, 144, 10476–10526. 
2. Thomas, N.; Zachariah, S.M. Pharmacological activities of chromene derivatives: An overview. 
Asian J. Pharm. Clin. Res. 2013, 6, 11–15. 
3. Patil, S.A.; Patil, R.; Pfeffer, L.M.; Miller, D.D. Chromenes: Potential new chemotherapeutic agents 
for cancer. Future Med. Chem. 2013, 5, 1647–1660. 
4. Szczurowska, E.; Mareš, P. Positive allosteric modulator of mGluR4 PHCCC exhibits 
proconvulsant action in three models of epileptic seizures in immature rats. Physiol. Res. 2012, 61, 
619–628. 
5. Liu, X.; Hong, S.I.; Park, S.J.; dela Peña, J.B.; Che, H.; Yoon, S.Y.; Kim, D.H.; Kim, J.M.; Cai, M.; 
Risbrough, V.; et al. The ameliorating effects of 5,7-dihydroxy-6-methoxy-2(4-phenoxyphenyl)-
4H-chromene-4-one, an oroxylin A derivative, against memory impairment and sensorimotor 
gating deficit in mice. Arch. Pharm. Res. 2013, 36, 854–863. 
6. Kidwai, M.; Saxena, S.; Khan, M.K.R.; Thukral, S.S. Aqua mediated synthesis of substituted  
2-amino-4H-chromenes and in vitro study as antibacterial agents. Bioorg. Med. Chem. Lett. 2005, 
15, 4295–4298.  
7. Thumar, N.J.; Patel, M.P. Synthesis and in vitro antimicrobial evaluation of 4H-pyrazolopyran, 
benzopyran and naphthopyran derivatives of 1H-pyrazole. Arkivoc 2009, 13, 363–380. 
8. Sabry, N.M.; Mohamed, H.M.; Khattab, E.S.A.E.H.; Motlaq, S.S.; El-Agrody, A.M. Synthesis of 
4H-chromene, coumarin, 12H-chromeno[2,3-d]pyrimidine derivatives and some of their 
antimicrobial and cytotoxicity activities. Eur. J. Med. Chem. 2011, 46, 765–772. 
9. Shanthi, G.; Perumal, P.T.; Rao, U.; Sehgal, P.K. Synthesis and antioxidant activity of indolyl 
chromenes. Indian J. Chem. 2009, 48B, 1319–1323. 
Symmetry 2015, 7 1533 
 
 
10. Kemnitzer, W.; Drewe, J.; Jiang, S.; Zhang, H.; Wang, Y.; Zhao, J.; Jia, S.; Herich, J.; Labreque, D.; 
Storer, R.; et al. Discovery of 4-aryl-4H-chromenes as a new series of apoptosis inducers using a 
cell- and caspase-based high-throughput screening assay. 1. Structure-activity relationships of the 
4-aryl group. J. Med. Chem. 2004, 47, 6299–6310.  
11. Kasibhatla, S.; Gourdeau, H.; Meerovitch, K.; Drewe, J.; Reddy, S.; Qiu, L.; Zhang, H.; Bergeron, F.; 
Bouffard, D.; Yang, Q.; et al. Discovery and mechanism of action of a novel series of apoptosis 
inducers with potential vascular targeting activity. Mol. Cancer Ther. 2004, 3, 1365–1373. 
12. Gourdeau, H.; Leblond, L.; Hamelin, B.; Desputeau, C.; Dong, K.; Kianicka, I.; Custeau, D.; 
Boudreau, C.; Geerts, L.; Cai, S.-X.; et al. Antivascular and antitumor evaluation of 2-amino-4-(3-
bromo-4,5-dimethoxy-phenyl)-3-cyano-4H-chromenes, a novel series of anticancer agents. Mol. 
Cancer Ther. 2004, 3, 1375–1383. 
13. Kemnitzer, W.; Kasibhatla, S.; Jiang, S.; Zhang, H.; Zhao, J.; Jia, S.; Xu, L.; Crogan-Grundy, C.; 
Denis, R.; Barriault, N.; et al. Discovery of 4-aryl-4H-chromenes as a new series of apoptosis 
inducers using a cell- and caspase-based high-throughput screening assay. 2. Structure-activity 
relationships of the 7- and 5-, 6-, 8-positions. Bioorg. Med. Chem. Lett. 2005, 15, 4745–4751. 
14. Skommer, J.; Wlodkowic, D.; Mättö, M.; Eray, M.; Pelkonen, J. HA14–1, a small molecule Bcl-2 
antagonist, induces apoptosis and modulates action of selected anticancer drugs in follicular 
lymphoma B cells. Leukemia Res. 2006, 30, 322–331. 
15. Cai, S.X.; Drewe, J.A.; Kasibhatla, S.; Kemnitzer, W.D.; Tseng, B.Y.; Blais, C.; Labrecque, D.; 
Gourdeau, H. Substituted 4-aryl-chromene as activator of caspases and inducer of apoptosis and as 
antivascular agent and the use thereof. US Patent 7,968,595 B2, 2011. 
16. Shestopalov, A.M.; Litvinov, Y.M.; Rodinovskaya, L.A.; Malyshev, O.R.; Semenova, M.N.; 
Semenov, V.V. Polyalkoxy substituted 4H-chromenes: Synthesis by domino reaction and anticancer 
activity. ACS Comb. Sci. 2012, 14, 484–490. 
17. A phase I/II trial of Crolibulin (EPC2407) plus cisplatin in adults with solid tumors with a focus on 
anaplastic thyroid cancer (ATC). Available online: https://clinicaltrials.gov (accessed on 18 
May 2015). 
18. Berkessel, A.; Gröger, H. Asymmetric Organocatalysis; Wiley-VCH Verlag GmbH: Weinheim, 
Germany, 2005. 
19. Dalko, P.I. Enantioselective Organocatalysis; Wiley-VCH Verlag GmbH: Weinheim, 
Germany, 2007. 
20. Dalko, P.I. Comprehensive Enantioselective Organocatalysis; Wiley-VCH Verlag GmbH: 
Weinheim, Germany, 2013. 
21. Herrera, R.P. Fundamentals in Organocatalysis. Past, Present and Future. Curr. Org. Chem. 2011, 
15(13), 2082–2082. 
22. Murthy, S.N.; Madhav, B.; Reddy, V.P.; Nageswar, Y.V.D. One-pot synthesis of 2-amino-4H-
chromen-4-yl phosphonate derivatives using β-cyclodextrin as reusable catalyst in water. 
Tetrahedron Lett. 2010, 51, 3649–3653. 
23. Moafi, L.; Ahadi, S.; Bazgir, A. New HA 14-1 analogues: synthesis of 2-amino-4-cyano-4H-
chromenes. Tetrahedron Lett. 2010, 51, 6270–6274. 
Symmetry 2015, 7 1534 
 
 
24. Kolla, S.R.; Lee, Y.R. Efficient one-pot synthesis of β-phosphono malonates and 2-amino-4H-
chromene-4-ylphosphonate derivatives by ethylenediamine diacetate-catalyzed three-component 
reactions. Tetrahedron 2012, 68, 226–237.  
25. Mondal, J.; Modak, A.; Nandi, M.; Uyama, H.; Bhaumik, A. Triazine functionalized ordered 
mesoporous organosilica as a novel organocatalyst for the facile one-pot synthesis of 2-amino-4H-
chromenes under solvent-free conditions. RSC Adv. 2012, 2, 11306–11317. 
26. Dekamin, M.G.; Eslami, M.; Maleki, A. Potassium phthalimide-N-oxyl: A novel, efficient, and 
simple organocatalyst for the one-pot three-component synthesis of various 2-amino-4H-chromene 
derivatives in water. Tetrahedron 2013, 69, 1074–1085. 
27. Kalla, R.M.N.; Byeon, S.J.; Heo, M.S.; Kim, I. Synthesis of 2-amino-3-cyano-4H-chromen-4-
ylphosphonates and 2-amino-4H-chromenes catalyzed by tetramethylguanidine. Tetrahedron 2013, 
69, 10544–10551. 
28. Khan, Md.N.; Pal, S.; Karamthulla, S.; Choudhury, L.H. Imidazole as organocatalyst for 
multicomponent reactions: Diversity oriented synthesis of functionalized hetero- and carbocycles 
using in situ-generated benzylidenemalononitrile derivatives. RSC Adv. 2014, 4, 3732–3741. 
29. Davarpanah, J.; Kiasat, A.R. Covalently anchored n-propyl-4-aza-1-azoniabicyclo[2.2.2]octane 
chloride on SBA-15 as a basic nanocatalyst for the synthesis of pyran heterocyclic compounds. RSC 
Adv. 2014, 4, 4403–4412. 
30. Azizi, K.; Karimi, M.; Shaterian, H.R.; Heydari, A. Ultrasound irradiation for the green synthesis 
of chromenes using L-arginine-functionalized magnetic nanoparticles as a recyclable 
organocatalyst. RSC Adv. 2014, 4, 42220–42225. 
31. Dekamin, M.G.; Eslami, M. Highly efficient organocatalytic synthesis of diverse and densely 
functionalized 2-amino-3-cyano-4H-pyrans under mechanochemical ball milling. Green Chem. 
2014, 16, 4914–4921. 
32. Kalla, R.M.N.; Choi, J.-S.; Yoo, J.-W.; Byeon, S.J.; Heo, M.S.; Kim, I. Synthesis of 2-amino-3-
cyano-4H-chromen-4-ylphosphonates and their anticancer properties. Eur. J. Med. Chem. 2014, 76, 
61–66. 
33. Pal, S.; Khan, Md.N.; Karamthulla, S.; Choudhury, L.H. Synthesis of pyranocoumarin fused 
spirooxindoles via Knoevenagel/Michael/cyclization sequence: A regioselective organocatalyzed 
multicomponent reaction. Tetrahedron Lett. 2015, 56, 359–364. 
34. Chen, W.; Cai, Y.; Fu, X.; Liu, X.; Lin, L.; Feng, X. Enantioselective one-pot synthesis of 2-amino-
4-(indol-3-yl)-4H-chromenes. Org. Lett. 2011, 13, 4910–4913. 
35. Wang, X.-S.; Yang, G.-S.; Zhao, G. Enantioselective synthesis of naphthopyran derivatives 
catalyzed by bifunctional thiourea-tertiary amines. Tetrahedron Asymmetry 2008, 19, 709–714.  
36. Zhang, G.; Zhang, Y.; Yan, J.; Chen, R.; Wang, S.; Ma, Y.; Wang, R. One-pot enantioselective 
synthesis of functionalized pyranocoumarins and 2-amino-4H-chromenes: Discovery of a type of 
potent antibacterial agent. J. Org. Chem. 2012, 77, 878–888. 
37. Xie, J.-W.; Huang, X.; Fan, L.-P.; Xu, D.-C.; Li, X.-S.; Su, H.; Wen, Y.-H. Efficient method for the 
synthesis of optically active 2-amino-2-chromene derivatives via one-pot tandem reactions. Adv. 
Synth. Catal. 2009, 351, 3077–3082. 
Symmetry 2015, 7 1535 
 
 
38. Du, Z.; Siau, W.-Y.; Wang, J. Enantioselective organocatalytic synthesis of medicinally privileged 
2-amino-4H-chromene-3-carbonitriles via a cascade process. Tetrahedron Lett. 2011, 52,  
6137–6141.  
39. Gao, Y.; Yang, W.; Du, D.-M. Efficient organocatalytic asymmetric synthesis of 2-amino-4H-
chromene-3-carbonitrile derivatives. Tetrahedron Asymmetry 2012, 23, 339–344. 
40. Hu, K.; Lu, A.; Wang, Y.; Zhou, Z.; Tang, C. Chiral bifunctional squaramide catalyzed asymmetric 
tandem Michael-cyclization reaction: Efficient synthesis of optically active 2-amino-4H-chromene-
3-carbonitrile derivatives. Tetrahedron Asymmetry 2013, 24, 953–957.  
41. Hu, K.; Wang, Y.; Zhou, Z.; Tang, C. Novel thiophosphonodiamides as efficient hydrogen bond 
donor catalysts in tandem Michael addition-cyclization of malononitrile and 2-(E)-2-
nitrovinylphenols. Tetrahedron 2014, 70, 181–185. 
42. Ren, Q.; Siau, W.-Y.; Du, Z.; Zang, K.; Wang, J. Expeditious assembly of a 2-amino-4H-chromene 
skeleton by using an enantioselective Mannich intramolecular ring cyclization-tautomerization 
cascade sequence. Chem. Eur. J. 2011, 17, 7781–7785.  
43. Li, W.; Liu, H.; Jiang, X.; Wang, J. Enantioselective organocatalytic conjugate addition of 
nitroalkanes to electrophilic 2-iminochromenes. ACS Catal. 2012, 2, 1535–1538. 
44. Yang, G.; Luo, C.; Mu, X.; Wang, T.; Liu, X.-Y. Highly efficient enantioselective three-component 
synthesis of 2-amino-4H-chromenes catalysed by chiral tertiary amine-thioureas. Chem. Commun. 
2012, 48, 5880–5882. 
45. Gao, Y.; Du, D.-M. Facile synthesis of chiral 2-amino-4-(indol-3-yl)-4H-chromene derivatives 
using thiourea as the catalyst. Tetrahedron Asymmetry 2013, 24, 1312–1317. 
46. Li, W.; Huang, J.; Wang, J. Organocatalytic conjugate addition promoted by multi-hydrogen-bond 
cooperation: Access to chiral 2-amino-3-nitrile-chromenes. Org. Biomol. Chem. 2013, 11,  
400–406. 
47. Adili, A.; Tao, Z.-L.; Chen, D.-F.; Han, Z.-Y. Quinine-catalyzed highly enantioselective 
cycloannulation of o-quinone methides with malononitrile. Org. Biomol. Chem. 2015, 13,  
2247–2250. 
48. Alden-Danforth, E.; Scerba, M.T.; Lectka, T. Asymmetric cycloadditions of o-quinone methides 
employing chiral ammonium fluoride precatalysts. Org. Lett. 2008, 10, 4951–4953. 
49. Miyabe, H.; Takemoto, Y. Discovery and application of asymmetric reaction by multi-functional 
thioureas. Bull. Chem. Soc. Jpn. 2008, 81, 785–795. 
50. Connon, S.J. Asymmetric catalysis with bifunctional cinchona alkaloid-based urea and thiourea 
organocatalysts. Chem. Commun. 2008, 2499–2510. 
© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/4.0/). 
